A recent application of optical tweezers has shown that plasma membrane phosphatidylinositol 4,5-bisphosphate (PIP 2 ) levels control adhesion of the membrane bilayer to the underlying cytoskeleton, by regulated direct binding of PIP 2 to cytoskeletal proteins and/or indirect effects on cytoskeleton structure. Understanding the molecular mechanisms that control binding interactions at the cytoskeleton-plasma membrane interface is one of the prime challenges of contemporary cell biology. The proteins and interacting lipids that support this interface are collectively known as the plasma membrane skeleton and control cell shape, maintain cellular integrity, and organize the plasma membrane into functional domains. These functional domains include both the relatively static sites at which cells attach to substrates (focal adhesions) or to adjacent cells (adherens junctions), and also highly dynamic surface structures, such as microvilli, filopodia and pseudopods. Actin filaments provide dynamic links between these membrane domains and proteins in the underlying cortical cytoskeleton during cell movement and the internalization (endocytosis) or externalization (exocytosis) of membrane vesicles. Some cortical cytoskeletal proteins constitute actin-associated membrane skeleton anchorage sites; others associate transiently with the plasma membrane as part of signaling cascades that can affect the structure of actin filaments in the cortical cytoskeleton.
Understanding the molecular mechanisms that control binding interactions at the cytoskeleton-plasma membrane interface is one of the prime challenges of contemporary cell biology. The proteins and interacting lipids that support this interface are collectively known as the plasma membrane skeleton and control cell shape, maintain cellular integrity, and organize the plasma membrane into functional domains. These functional domains include both the relatively static sites at which cells attach to substrates (focal adhesions) or to adjacent cells (adherens junctions), and also highly dynamic surface structures, such as microvilli, filopodia and pseudopods. Actin filaments provide dynamic links between these membrane domains and proteins in the underlying cortical cytoskeleton during cell movement and the internalization (endocytosis) or externalization (exocytosis) of membrane vesicles. Some cortical cytoskeletal proteins constitute actin-associated membrane skeleton anchorage sites; others associate transiently with the plasma membrane as part of signaling cascades that can affect the structure of actin filaments in the cortical cytoskeleton.
Recent advances in the use of laser-based optical tweezers have provided new tools for probing the multi-level interactions that regulate cytoskeleton-membrane attachment. Optical tweezers, which exploit the force exerted by light, can be used to attach a bead the size of a bacterium to the surface of a living cell and then to separate a thin cylindrical 'tether' of plasma membrane from the cell (Figure 1a ). These tethers lack detectable cytoskeletal components ( Figure 1b) . The force required to extract a tether is a combination of forces acting within the plane of the membrane (membrane tension) and the adhesive interactions between membrane constituents and the cytoskeleton (membrane adhesion energy, γ). Membrane tension is determined from force measurements on beads attached to blebs, which are regions of the membrane that are unattached to the cytoskeleton; γ is determined by subtracting this value from that obtained at other positions on the cell surface [1, 2] . While the principles of membrane-tether force measurement are not new, Raucher et al. [3] have recently used this method to show, for the first time, that the lipid phosphatidylinositol 4,5-bisphosphate (PIP 2 ) literally 'pulls the strings' for at least one type of cytoskeleton-membrane adhesion. PIP 2 is an important signal-generating lipid that gives rise to inositol 1,4,5-triphosphate (IP 3 ) and diacylglycerol in response to agonist-dependent activation of PIP 2 -specific phospholipase C (PLC). More recently, it has become clear that PIP 2 also can directly regulate the activity of numerous enzymes and a growing number of cytoskeletal proteins through direct interactions with pleckstrin homology (PH) domains and other PIP 2 -binding motifs. For instance, PIP 2 can control the extent and structure of the actin cytoskeleton by regulating the activities of proteins that sequester actin monomers, bind or crosslink actin filaments, and cap and/or sever these filaments [4] . Analysis of PIP 2 function at the plasma membrane in vivo is challenging, because PIP 2 synthesis and catabolism are intricately controlled by numerous interconnected enzymatic processes [4] . In previous experiments, in vivo levels of PIP 2 were lowered by microinjection of specific monoclonal antibodies [5, 6] or by overexpressing the PIP 2 -hydrolyzing enzyme synaptojanin [7] . These treatments were accompanied by decreased membrane ruffling [6] and decreased numbers of actin-containing stress fibers and focal adhesions [5, 7] . Conversely, overexpression of the PIP 2 -synthesizing enzyme phosphatidylinositol-4-phosphate 5-kinase (PIP 5-kinase) induced extensive actin polymerization and increased the numbers of microvilli [8, 9] . Although consistent with the A membrane tether stained with the lipid dye FM1-43 is shown on the left; the absence in the tether of actin filaments detectable by rhodamine phalloidin is shown on the right. A membrane-attachedtheory that PIP 2 regulates actin organization in vivo, neither study measured changes in PIP 2 levels and neither enzyme was strictly specific for PIP 2 .
Through a series of carefully controlled experiments, Raucher et al. [3] have greatly furthered our understanding of PIP 2 function in vivo. In their first approach, PIP 2 was sequestered by overexpressing a chimera of green fluorescent protein (GFP) and a PIP 2 -specific PH domain from phospholipase C-δ. As assessed by membrane tether force measurements, this fusion protein induced a three-fold decrease in cytoskeleton-membrane adhesion at the upper surfaces of mouse fibroblasts. No changes were observed in cells expressing GFP fused with a mutationally inactivated PH domain or with structurally similar PH domains that do not bind to PIP 2 in vitro. Likewise, pharmacological agents that interfere with diacylglycerol and Ca 2+ signaling pathways had little or no effect on membrane tether formation. These experiments showed that the marked decrease in membrane-cytoskeleton adhesion energy was due specifically to PIP 2 sequestration, rather than to altered levels of diacylglycerol or Ca 2+ (Figure 2, left) .
In a second approach, the yeast lipid enzyme inositol polyphosphate 5-phosphatase (Inp54) was tagged with GFP and targeted to the plasma membrane through dual acylation with myristoyl and palmitoyl fatty acids. Inp54 lacks regulatory domains present in mammalian phosphatases and is probably constitutively active when expressed in animal cells. Both in vitro analyses and in vivo radiolabeling experiments confirmed that this enzyme selectively depleted PIP 2 levels by at least 60%; levels of PI(3)P and PI(3,5)P 2 were essentially unchanged. In agreement with the PIP 2 sequestering approach, overexpression of plasma membrane-targeted Inp54 caused an approximately three-fold drop in membrane adhesion energy. Decreased PIP 2 levels were accompanied by increased cell rounding, a loss of substrate attachment, and the formation of blebs -rounded areas of membrane that apparently lack cytoskeletal support [3] . Taken together, these findings show that plasma membrane PIP 2 concentrations can control the binding of the cortical cytoskeleton to the plasma membrane.
How does PIP 2 regulate cytoskeleton-membrane interactions in a living cell? One possibility is that cytoskeletal proteins are directly attached to PIP 2 in the inner leaflet of the plasma membrane (Figure 2, center) . In fact, PIP 2 has been shown to bind and/or activate several membrane skeleton proteins. For example, PIP 2 binds with a K d of approximately 40 µM to a PH domain in β spectrin [10] . PIP 2 vesicles also activate the actin-filament bundling and crosslinking activities of α-actinin [11] . PIP 2 -induced unfolding of vinculin exposes binding sites for talin at the membrane surface [12] , thereby contributing to the assembly of focal adhesions [5] . PIP 2 similarly promotes unfolding and activation of the 'ERM' proteins -ezrin, radixin and moesin -leading to increased formation of microvilli, filopodia and stress fibers [13] . PIP 2 -activated ERM proteins exhibit increased binding to both F actin [14] and the cytoplasmic termini of transmembrane proteins [15, 16] , implying a requirement for PIP 2 in the generation of ERMmediated cytoskeleton-membrane interactions. PIP 2 also can regulate cytoskeleton-plasma membrane adhesion indirectly by altering cortical actin structure and organization, through effects on regulatory proteins (Figure 2, right) . For instance, PIP 2 induces cortical actin polymerization in permeabilized platelets by regulating actin filament uncapping and severing activities [17, 18] . PIP 2 also promotes de novo actin nucleation and the formation of rocket-shaped actin tails in cytoplasmic lysates [19] , probably by freeing actin monomers from the actin-sequestering protein profilin and/or by interacting with PH domain-containing proteins of the N-WASP family of signaling molecules [20] .
Whether it is involved directly or indirectly, the structural integrity of the actin-based cytoskeleton contributes to membrane adhesion energy. Raucher et al. [3] found that a drug, jasplakinolide, that promotes actin filament assembly induced a large increase in γ and also partially reversed the PH domain-mediated decrease in γ. Conversely, the actin filament depolymerizing drug cytochalasin D markedly reduced the force required to extract tethers. In agreement with previous experiments in which tether forces were more susceptible to disruption by drugs that targeted the actin cytoskeleton than to a microtubule depolymerizing agent [2] , these experiments strongly implicate the actin-based cytoskeleton as the primary anchor for the sites of membrane-cytoskeleton attachment probed in these assays. Raucher et al. [3] also showed that the strengths of these interactions vary in response to external physiological stimuli. Platelet-activating factor (PAF), which stimulates PLC-β through a seven-transmembrane receptor, and epidermal growth factor (EGF) and platelet-derived growth factor (PDGF), which increase PLC-γ activity through specific tyrosine kinase receptors, all markedly reduced γ. This reduction was blocked by the PLC inhibitor U73122, suggesting that PLC activity is an important negative regulator of membrane adhesion energy in vivo.
What is the molecular nature of the interactions probed by tether formation assays? On the apical surfaces of mouse fibroblasts, γ is only about 9.1 × 10 -18 J µm -2 [3] . This value is consistent with the presence of several thousand PIP 2 molecules per µm 2 [21] , each capable of binding with low affinity (K d~4 0 µM) to a PH-domain-containing protein [10] . The measured values of γ also are consistent with the presence of a few dozen high-affinity associations per µm 2 , such as those between spectrin and the erythrocyte plasma membrane (K d~0 .12 µM) [22] or those between ezrin and the cytoplasmic domains of intercellular adhesion molecules (K d~0 .33 µM) [15] . In fact, at regions of the cell surface that are visibly associated with the cytoskeleton, the likelihood that a tether can be formed in response to laser forces is much lower than at membrane blebs (~30% versus~95%) [1] . These observations suggest that large regions of eukaryotic cell surfaces are supported by either large numbers of low-affinity interactions or by a few, sparsely distributed high-affinity interactions. Tether force experiments are particularly well suited for the measurement of such 'weak' membrane-cytoskeleton associations, which are cumulatively important and sufficient for many fundamental cellular processes. For example, previous experiments have shown that Dictyostelium amoebae engineered to lack approximately 90% of the normal number of high-affinity interactions between actin filaments and the plasma membrane can grow, translocate and internalize both fluid and particles with normal kinetics [23] .
In summary, PIP 2 has been shown to function as a second messenger in the control of cytoskeleton-membrane adhesion. It remains to be determined how PIP 2 levels are spatially and temporally regulated within the cell, and whether other PIP 2 -mediated cytoskeleton-membrane interactions are involved in structural transients at the cell surface. The roles of Ca 2+ , diacylglycerol, PI(3,4,5)P 3 , and other phosphatidylinositide signaling metabolites in the regulation of membrane skeleton interactions with adhesion energies outside the measurement range of optical tweezers are also as yet undetermined. Future studies should help clarify the role of PIP 2 in the regulation of cytoskeleton-membrane adhesion, and tether force measurements using optical tweezers will continue to provide a sensitive tool with which to address many of these questions.
